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Argonne’s IBM Blue Gene/P – 556 TFs



Cray XT5 at ORNL – 1.6 Pflop/s

Jaguar Total XT5 XT4
Peak Performance 1,645 1,382 263
AMD Opteron Cores 181,504 150,176 31,328
System Memory (TB) 362 300 62
Disk Bandwidth (GB/s) 284 240 44
Disk Space (TB) 10,750 10,000 750
Interconnect Bandwidth
(TB/s)

532 374 157

The systems will be
combined aRer

acceptance of the new
XT5 upgrade.  Each

system will be linked to
the file system through

4x‐DDR Infiniband



Tradi;onal Sources of Performance
Improvement are Flat‐Lining (2004)

• New Constraints
– 15 years of exponential

clock rate growth has ended

• Moore’s Law reinterpreted:
– How do we use all of those

transistors to keep
performance increasing at
historical rates?

– Industry Response: #cores
per chip doubles every 18
months instead of clock
frequency!

Figure courtesy of Kunle Olukotun, Lance
Hammond, Herb Su_er, and Burton Smith

Transistors con;nue to scale
Clock has leveled off (2‐4 Ghz)
Power leveled off (~100W‐200W) 
Performance per clock (2‐4 ops/clock)



Mul;core comes in a wide variety
– Mul;ple parallel general‐purpose processors (GPPs)
– Mul;ple applica;on‐specific processors (ASPs)

“The Processor is the
new Transistor”

[Rowen]

Intel 4004 (1971):
4-bit processor,
2312 transistors,

~100 KIPS,
10 micron PMOS,

11 mm2 chip

Sun Niagara
8 GPP cores (32 threads)
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Intel Network Processor
1 GPP Core

16 ASPs (128 threads)

IBM Cell
1 GPP (2 threads)

8 ASPs

Picochip DSP
1 GPP core
248 ASPs

Cisco CRS-1
188 Tensilica GPPs





What’s Next?

Source: Jack Dongarra, ISC 2008



E3 Advanced Architectures – Findings (2007)

• Exascale systems are likely feasible by 2017±2
• 10‐100 Million processing elements (mini‐cores) with chips as

dense as 1,000 cores per socket, clock rates will grow slowly
• 3D chip packaging likely
• Large‐scale op;cs based interconnects
• 10‐100 PB of aggregate memory
• > 10,000’s of I/O channels to 10‐100 Exabytes of secondary

storage, disk bandwidth to storage ra;os not op;mal for HPC
use

• Hardware and soRware (OS) based fault management
• Simula;on and mul;ple point designs will be required to

advance our understanding of the design space
• Achievable performance per wa_ will likely be the primary

metric of progress



Top Technical Challenges

• Power Consump;on
– Proc/mem, I/O, op;cal, memory, delivery

• Chip‐to‐Chip Interface Scaling
– pin/wire count ⇒ 3D packaging

• Package‐to‐Package Interfaces
– Scalable interconnects

• Cost Pressure in Op;cs and Memory

• Fault Tolerance
– FIT rates and fault management concepts

• E.g. In place spares, chip kill, etc.
– Reliability of irregular logic, design prac;ce

Exascale systems built from
today’s technology would 
consume over a Gigawa_

Exascale systems built from
today’s technology would 
cost over a Gigabuck

Exascale systems built from
today’s technology would 
have a MTBF of 10 minutes



Looking out to Exascale
Concurrency will be Doubling every 18 months



Systems Scaling Projec;ons



ITRS Roadmap for Logic Devices

Power Density 20x‐30x than 2005
Voltage assump;on is .5v ‐ .7v



Darpa
Exascale
Study

Concluded that it will be a
Major challenge to get to
Sustained Exaops performance
Levels by 2020



Total System Concurrency
Largest machines now have combined system’s level concurrency approaching 1M



Thread Level Concurrency
Each thread must do mul;ple opera;ons per clock cycle

BG “double
hummer”

Vector Machines

Super scalar



Parallelism and Locality Trends
Algorithms are pushing in the opposite direc;on as the hardware
e.g. advanced algorithms are becoming less “local” while
hardware is becoming more parallel and more local



Power Constrained Clock Rate
Clock = Power_Density/ ( Capacitance_per_device * Transistor_Density * V2

dd)

Power density (i.e. cooling) will limit the clock rate as feature sizes shrink



Gflops per Wa_ must grow  1000x
(0.1 ⇒ 100) to achieve Exascale



Power and FPU scaling needed
 to Reach Exa‐opera;ons/s (only flops)

Pico joule/FLOP FPUs per Exaflop



Interconnect Technology Roadmap
Long distance
Interconnects
Will be op;cal

Op;cal may replace
Copper for on carrier
Interconnects

Interconnect power will
Grow to 10%‐30% of
total power



Heat Removal Approaches
Highly likely all future machines at scale will be liquid cooled



High‐End Packaging Op;ons



3D Packaging Examples



Secondary Storage Projec;ons
(Scratch at 25x , Archive at 200x)

20,000 to > 1,000,000 disk drives for secondary storage
Phase change memory may replace disk in 2018 ;meframe



Evolu;on of Storage





Aggressive Strawman

~200,000 nodes each with ~750 cores = ~150M cores
Memory is 16GB for a ~5 Tflop node with ~1000 threads
Total system memory is ~ 4PB.



Systems Scaling Projec;ons



The Bo_om Line

• Levels of concurrency (106 ⇒ 109)           1000x
• Clock rate of Core (1‐4 GHz ⇒ 1‐4 GHz)           1x
• RAM per Core (1‐2GB now to <1GB)         <1x
• Total Number of cores (200K ⇒ 100M) 500x
• Number of cores per node (8 ⇒ >64‐512)    >8x‐64x
• Aggressive Fault Management in HW and SW
• I/O channels (>103 ⇒105)           >100x
• Power Consump;on (10MW ⇒ 40MW‐150MW) 4x‐16x
• Programming Model (MPI ⇒ MPI + X)



Parallel Programming Models:
Twenty Years and Coun;ng

• In large‐scale scien;fic compu;ng today
essen;ally all codes are message passing based.
Addi;onally many will use some form of
mul;threading on SMP or mul;core nodes.

• Mul;core is challenging programming models but
there has not yet emerged a dominate model to
augment message passing

• There is a need to iden;fy new hierarchical
programming models that will be stable over long
term and can support the concurrency doubling
pressure



Quasi Mainstream
Programming Models

• C, Fortran, C++ and MPI

• OpenMP, pthreads

• (CUDA, RapidMind, Cn)  OpenCL

• PGAS (UPC, CAF, Titanium)

• HPCS Languages (Chapel, Fortress, X10)

• HPC Research Languages and Run;me

• HLL (Parallel Matlab, Grid Mathema;ca, etc.)
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Clusters

w/ Accelerators

Poten;al Migra;on Paths
Programming Models

Base and MPI

Base/OpenMP and MPI

CUDA

Base/OpenCL

libspe

Base/OpenMP+ and MPI

Base/OpenMP

C/C++/Fortran/Java (Base)
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RapidMind

GEDAE/Streaming models
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